Chromosome deletions in the mouse have proven invaluable in the dissection of gene function. The brown deletion complex comprises >28 independent genome rearrangements, which have been used to identify several functional loci on chromosome 4 required for normal embryonic and postnatal development. We have constructed a 172-bacterial artificial chromosome contig that spans this 22-megabase (Mb) interval and have produced a contiguous, finished, and manually annotated sequence from these clones. The deletion complex is strikingly gene-poor, containing only 52 protein-coding genes (of which only 39 are supported by human homologues) and has several further notable genomic features, including several segments of >1 Mb, apparently devoid of a coding sequence. We have used sequence polymorphisms to finely map the deletion breakpoints and identify strong candidate genes for the known phenotypes that map to this region, including three lethal loci (l4Rn1, l4Rn2, and l4Rn3) and the fitness mutant brown-associated fitness (baf). We have also characterized misexpression of the basonuclin homologue, Bnc2, associated with the inversion-mediated coat color mutant white-based brown (B w ).
Chromosome deletions in the mouse have proven invaluable in the dissection of gene function. The brown deletion complex comprises >28 independent genome rearrangements, which have been used to identify several functional loci on chromosome 4 required for normal embryonic and postnatal development. We have constructed a 172-bacterial artificial chromosome contig that spans this 22-megabase (Mb) interval and have produced a contiguous, finished, and manually annotated sequence from these clones. The deletion complex is strikingly gene-poor, containing only 52 protein-coding genes (of which only 39 are supported by human homologues) and has several further notable genomic features, including several segments of >1 Mb, apparently devoid of a coding sequence. We have used sequence polymorphisms to finely map the deletion breakpoints and identify strong candidate genes for the known phenotypes that map to this region, including three lethal loci (l4Rn1, l4Rn2, and l4Rn3) and the fitness mutant brown-associated fitness (baf). We have also characterized misexpression of the basonuclin homologue, Bnc2, associated with the inversion-mediated coat color mutant white-based brown (B w ).
This study provides a molecular insight into the basis of several characterized mouse mutants, which will allow further dissection of this region by targeted or chemical mutagenesis.
brown locus ͉ chromosome deletion ͉ mouse genome sequence T he mouse brown (b) mutation is one of the oldest known loci and was one of the first to be cloned. The mutation is in the tyrosinase-related protein 1 (Tyrp1) gene, encoding a melanocyte enzyme required for the production of dark eumelanin (1) . Homozygous loss of Tyrp1 results in a brown coat; because it was a simply scored phenotype, brown was used as part the mousespecific locus test carried out at the Oak Ridge National Laboratories and elsewhere (reviewed in ref. 2) . Wild-type mice were exposed to chemical or radiological mutagens and crossed with a tester stock homozygous for seven recessive visible mutations. The efficacy of the mutagenic treatments is assessed in the resulting F 1 progeny. These experiments generated many chromosomal deletions that inactivated Tyrp1, particularly in the progeny of animals exposed to radiation or clastogenic chemical mutagens such as chlorambucil or melphalan.
Deletions around the seven specific loci have provided a unique opportunity to study gene function within these intervals. Individual deletions are hemizygous viable but when homozygous or in combination with others give lethal or visible phenotypes, which indicate the presence of essential genes neighboring the specific loci. Intercrossing deletions of different extents provided an avenue to map the resulting phenotypes. The deletions also provided the means to produce physical maps of genetic markers. Studies of this kind have been published for several loci, including albino (Tyr), piebald (Ednrb), pink-eyed dilution (p), and the brown deletion complex (2) (3) (4) (5) (6) .
Studies of the brown deletions established genetic and physical maps of the interval by using a panel of 25 deletions spanning Ϸ8.5 cM of chromosome 4 (6) (7) (8) . Complementation analyses defined phenotypic loci in the region, including three lethals and a phenotype, termed brown-associated fitness (baf ), which results in postnatal runting and increased preweaning mortality. Previous studies have also described a chromosomal inversion, white-based brown (B w ), that was hypothesized to cause inappropriate expression of an unknown gene, resulting in melanocyte death and loss of hair pigmentation (9) .
We have generated a finished and manually annotated sequence from a bacterial artificial chromosome (BAC) contig spanning the brown deletion complex. The region is very genepoor and includes several large segments devoid of any proteincoding genes. We identified single-nucleotide polymorphisms that permit refinement of the deletion breakpoints that delineate known phenotypes. The sparse gene content means that we have identified one or a few candidate genes for each of the five phenotypes.
Results and Discussion
Sequence and Annotation of the Tyrp1 Deletion Complex. The finished sequence of each of 172 BACs from a clone contig encompassing the Tyrp1 deletion complex was individually annotated to identify genes, transcripts, and pseudogenes ( Fig. 1 ; for a complete version of this figure, see Fig. 5 , which is published as supporting information on the PNAS web site). The annotations can be viewed in the Vertebrate Genome Annotation (VEGA) browser (http:͞͞vega.sanger.ac.uk͞index.html). The extent of the deletion complex was determined by locating the endpoints of those deletions extending furthest proximally (Tyrp1 11R30M ) and distally (Tyrp1 8Pub ). These deletions define an unusually gene-poor genomic segment of Ϸ21 megabases (Mb) from a point just distal to Rgs3 as far as, and including, Bnc2. This segment contains only 53 protein-coding genes (see Table 1 , which is published as supporting information on the PNAS web site). We can be confident that 39 of these genes are true genes because they have orthologous protein-coding transcripts in other species. The remaining 14 genes are all identified by the existence of mouse cDNAs, which contain ORFs distributed across multiple exons and are predicted to encode peptides containing between 110-and 354-aa residues. One of them is derived from the 3Ј end of the adjacent Frmd3 gene. None of the remaining thirteen, however, shows significant homology to transcripts from any other species nor do their predicted protein products have any recognizable motifs. Ten of these predicted genes arise from a 10-fold local amplification of a 15-kb genomic segment. Although there are EST matches to these amplified arrays, none of them are perfect, and it is not clear which of the repeated segments are transcribed. Furthermore, the human genome sequence contains a recognizable homologue neither to the transcript nor to the 15-kb amplified segment from which it derives. The rat genome does contain a single orthologous genomic segment, but this segment is located on rat chromosome 15 not on the rat homologue of mouse chromosome 4, which is chromosome 5.
The deletion complex also gives rise to 28 spliced transcripts, identified by mouse cDNAs, which are derived from between two and five exons but contain neither any significant ORF nor show homology to transcripts from other species. In addition, there are 74 recognizable pseudogenes, almost all of them processed.
The overall gene density across this region is just Ͼ2 genes per Mb compared with the genome average of Ϸ10 genes per Mb. Furthermore, the genes are not evenly spaced ( Fig. 2A) . More than half are located in the megabases at each end of the complex and in a 2-Mb region in the center, leaving only 20 genes spaced across the remaining 18 Mb. There are seven stretches of Ͼ1 Mb, including one of 2.5 Mb, that are totally devoid of any proteincoding transcript. Another large segment of 1.9 Mb is solely occupied by 10 exons encoding isoforms of the 5Ј UTR of the Ptprd gene. Furthermore, the 29 spliced noncoding transcripts are also not evenly distributed across the region; rather, they appear to be clustered in those regions that are enriched for genes (Fig. 2 A) .
The function, if any, of these noncoding RNA is unknown. Their localization near to established genes may indicate that the transcripts are hitherto unidentified parts of transcripts of the known protein-coding genes, or their expression may be a nonfunctional by-product of local transcriptional activity. Alternatively, it is possible that their transcription has a function in opening up the chromatin, or maintaining it in an open state, to facilitate expression of protein-coding genes.
Repeat content is correlated with gene density in the mammalian genome (10) . Fig. 1 illustrates this correlation across the deletion region. Gene-poor segments are rich in LINE elements, whereas SINEs are more abundant in the gene-rich areas. The gene and transcript ''deserts,'' however, still contain substantial numbers of nontranscribed conserved sequences. Fig. 2B shows the distribution of nontrancribed segments that are conserved between the mouse sequence and the orthologous human and chicken sequences. Surprisingly, the locations of the conserved segments do not appear to correlate with transcript locations. The gene-rich first megabase of the region has a lower concentration of noncoding conserved segments, and the central part, which is also relatively enriched for genes, has a low level of noncoding conservation.
The function of most of the conserved segments in the genome is unknown, and they may indeed have a diversity of roles. The conserved sequences located close to genes are candidates for regulatory elements. Even those elements very distant from the 5Ј end of a gene may still play a role; there is increasing evidence that sequences at several megabases distant can be essential for correct gene expression (11) . Recently, Ovcharenko et al. (12) have examined gene deserts in the human, which they define as intergenic intervals of Ͼ640 kb, the longest 3% of all intergenic intervals. They find that the human-chicken sequence conservation in these deserts range from none to 12% and suggest that those with 2% or more conservation may be more likely to house long-range regulatory elements. Using the same criteria for conservation, we find that most intervals in this deletion region have Ͻ2% conservation.
A Site of Striking Evolutionary Rearrangement. The entire region is homologous to human chromosome 9 but is not contiguous in humans. There is a striking correlation between gene density and human chromosome G-banding patterns. The deserts lie within dark G bands, and the gene-rich segments are in light bands (10) . The proximal end of the region is homologous to 9q32-33, the distal end to 9p22-24, and an Ϸ3.5-Mb segment in the middle is homologous to 9q21.32. The distal end of this central segment has undergone considerable rearrangements over evolution. The protein-coding gene, RP23-289L21.1, is Ϸ600 kb from where the homology changes to 9p22-24. As mentioned, this gene is locally amplified Ϸ200 kb upstream, and in the opposite orientation are five tandemly arranged, almost identical, 15-kb segments that derive from the genomic segment encoding the gene. A further four copies of the segment are found another 100 kb further along the chromosome, between Rasef and Frmd3. Two pseudogenes derived from these genes are also presenting this region (Fig. 3) . Characterization of this array of highly similar sequences required that the sequence produced for the region was highquality and hand-finished. Earlier drafts of the region had only a single copy of the amplified array, which illustrates the value of hand-finished sequence.
The chromosomal orthology breakpoint is immediately adja- The fraction is calculated as the total length of sequence, after masking repeats and exons, that reaches the threshold. Black bars are mouse-human ECRs at 80% identity over Ͼ200 bp, and white bars are mouse-chicken ECRs at 70% identity over Ͼ100 bp. cent to the 3Ј end of Frmd3, and this gene also seems to have undergone considerable evolutionary rearrangement. In mice, Rasef and Frmd3 are divergently transcribed from opposite strands, whereas the human orthologues are transcribed from the same strand (Fig. 3) . The 3Ј portions of both human and mouse Frmd3 are transcribed from within an intron by using an alternative, conserved exon. In mouse, a homologue of this shorter transcript is present in a second copy (RP23-292J1.4), in reverse orientation (the same orientation as the human transcript). There appears to have been a duplication accompanying the inversion (Fig. 3) , and the human gene orientation is ancestral. Examination of the rat genome sequence reveals that Frmd3 in this species has the same orientation as in mouse and also has the duplicated 3Ј transcript, indicating that the rearrangement occurred before the mouse and rat lineages diverged. In rat, however, the Rasef gene is reversed compared with the mouse, apparently a result of another gene inversion in the rat lineage (Fig. 3) . The genomic arrangement in zebrafish is different yet again; in this case, Rasef and Frmd3 are transcribed from opposite strands, as in mouse, but are divergent not convergent (data not shown). Alignment of the entire 22 Mb Tyrp1 deletion region reveals at least two other small inversions in the mouse genome with respect to the human genome of 80 and 100 kb, but nether of these inversions include any genes or transcripts.
Identification of Deletion Phenotypes. To accurately identify candidate genes for loci previously mapped to the deletion complex, we mapped the ends of deletion breakpoints using SNPs between the strains of origin of the deletion chromosomes and Mus spretus in deletion͞spretus heterozygotes. We focused on those deletions that had been used to define mutant loci. The minimal and maximal extents of key deletion intervals are illustrated in Fig.  1 . Tables 2 and 3 , which are published as supporting information on the PNAS web site, list the deletions and markers used to define the endpoints. The relevant markers from Table 3 Embryonic Lethal Phenotypes. Combinations of deletions identify three embryonic or neonatal lethal phenotypes (7, 8, 13) , and their endpoints define the locations of essential genes deleted or mutated by them.
l4Rn1 is a deletion phenotype resulting in in utero death before E14.5 (13) . The physical map of Bell et al. (8) indicates that it lies between the proximal end points of the Tyrp1 8Pub and Tyrp1 11Pu deletions. Tyrp1 8Pub breaks within the Ptprd gene and is the most proximal viable deletion, whereas Tyrp1 11Pu breaks within the Jmjd2c gene and is the most distal lethal deletion. l4Rn1, therefore, lies in the 2.45-Mb interval defined by these endpoints (Fig. 1) . Despite the length of this segment, only three genes are within the interval. We can exclude Ptprd as a candidate because Tyrp1 8Pub disrupts Ptprd yet does not delete l4Rn1. The remaining two candidates are Jmjd2c and an uncharacterized gene, RP24-200F10.1, defined by the Institute of Physical and Chemical Research (Japan) (RIKEN) clone no. 3110001D03, which is the mouse orthologue of human C9orf123. Jmjd2c is the orthologue of a characterized human gene, GASC1, which is amplified in esophageal cancer cell lines (14) . The encoded protein contains two jumonji domains, jmjC and jmjD, which are found together in numerous mouse proteins and may indicate function as a transcription factor. Any potential function of the product of the C9Orf123 orthologue is difficult to predict; the protein is only 111 aa in length but has two potential transmembrane domains that are conserved in humans.
Mice homozygous for l4Rn2 deletions die neonatally, and the locus is defined by the distal end of deletion Tyrp1 11R30M and the distal end of deletion Tyrp1 9R75VH (6) . Our deletion mapping indicates that this interval contains only part of only one gene, nuclear factor I-B (Nfib), encoding a transcription factor expressed at high levels in the embryonic lung (15) (Fig. 1) . Nfib mutant pups die shortly after birth as a result of severe pulmonary hypoplasia (16) , and this phenotype is entirely consistent with that of mice bearing homozygous deletions of l4Rn2. We suggest deletion of Nfib is responsible for the l4Rn2 phenotype.
The final early embryonic lethal deletion locus, l4Rn3, lies between the distal ends of the Tyrp1 46UThc deletion and Tyrp1 8Pub (Fig. 1 ). This interval contains six genes: RP23-410K19.1, which is the Frem1 gene (17); the PC4 and SFRS1 interacting protein 1, Psip1; the small nuclear activating complex protein 3 (Snapc3); basonuclin 2 (Bnc2); and two uncharacterized genes, RP23-17O21.2, encoding the cDNA 1810054D07Rik, and RP23-311B24.5, encoding A330015D16Rik, which are the mouse orthologues of human C9Orf52 and C9Orf93, respectively. We can exclude Frem1 as a candidate as loss-of-function mutations of this gene result in the head blebs (heb) phenotype (17) . The SNAPC3 protein forms part of the small nuclear RNA-activating protein complex and reduction of protein in vitro leads to inhibition of RNA polymerase II-and III-mediated small nuclear RNA gene transcription (18) . PSIP is a nuclear protein important for cellular protection against stress-induced apoptosis in which activity is regulated by caspase-mediated cleavage (19, 20) . Neither protein has been knocked out but, given their cellular functions, either would make a good candidate for l4Rn3. Of the two unknown function transcripts, only the C9Orf93 orthologue has any recognizable protein domain, including coiled coils and tropomyosin motifs. Very few of the brown deletions were mapped relative to l4Rn3; we were unable to further reduce this locus, and all five genes remain candidates.
Brown-Associated Fitness (baf).
Previous studies of the deletion complex showed that appropriate combinations of chromosomal deletions complement the embryonic lethal phenotypes. All complementing deletions reported result in mice with poor growth rates, alterations in behavior, and compromised survival (6, 7) . This phenotype, termed brown-associated fitness (baf ), must result from the loss of a gene or genes very close to Tyrp1. However, certain deletion combinations, namely Tyrp1 1OZ with Tyrp1 37DTD and Tyrp1 47UTHc with Tyrp1 37DTD , Tyrp1 33G , or Tyrp1 1THO-IV result in phenotypically normal mice, indicating that the gene(s) in which deletion results in baf must lie outside these deletions (E. M. Rinchik, unpublished data). Paradoxically, each of these deletions, in combination with others, can produce baf mice. We must conclude that there are two genetic elements, one on each side of Tyrp1, the deletion of either of which gives rise to the baf phenotype (Fig. 1) .
The maximum deletion interval on the proximal side that defines baf contains a part of only one gene, Ptprd. This gene has been mutated by gene targeting and results in mice with neurological defects that fail to thrive without ground feeding (21) . This phenotype is consistent with baf, and we conclude that the phenotype caused by deletions proximal to Tyrp1 is due to loss of Ptprd. It is worth noting that these deletions remove a 2.5-Mb gene desert in addition to Ptprd, yet the mice have a phenotype no more severe than a targeted mutation of Ptprd alone. The cause of the distal baf phenotype is less clear. Seventy kilobases distal of Tyrp1 is an uncharacterized gene RP24-318C20.1, the orthologue of human C9Orf150. However, deletion of all or part of this gene, from Tyrp1 1THO-IV and Tyrp1 37DTD , does not result in the baf phenotype. Rather, the distal baf is defined by the endpoints of Tyrp1 1THO-IV Tyrp1 173G (Fig. 1) , which encompass a 180-kb segment between the C9Orf150 orthologue and Mpdz, containing no predicted genes or transcripts. Comparison of this sequence with other mammalian species reveals numerous segments with a high level of sequence identity consistent with evolutionary conservation of regulatory element(s). It is possible that these are long-range control element(s) necessary for the expression of Ptprd, for which the 5Ј end is some 3 Mb away, and this finding would account for the consistency of phenotype between distal and proximal baf deletions.
Characterization of White-Based Brown (Tyrp1 B-w ).
White-based brown (Tyrp1 B-w ) is a mutation of the brown locus that arose spontaneously during a radiation mutagenesis experiment (22) . The Tyrp1 B-w chromosome carries a dominant mutation that results in the absence or reduction in pigment at the base of the hair follicle but which is also a recessive loss-of-function allele of Tyrp1. This curious phenotype has been partially explained by preliminary molecular characterization showing that it results from an inversion that inactivates Tyrp1 by interrupting the gene in the first intron (9, 23) . It has been proposed that the dominant pigmentation loss in the mice results from ectopic expression of a second gene from the Tyrp1 promoter, which either abrogates pigment production or leads to melanocyte death during the latter stages of the hair growth cycle. Short sequences bordering the inversion breakpoints have been cloned (9) , and the genome sequence of the interval allowed us to determine the exact nature of the rearrangement.
The proximal end of the inversion is 105 bp from the exon-2 splice acceptor site in Tyrp1 intron 1 (Fig. 4A) . The other breakpoint lies distal of the brown deletion complex, Ϸ15-kb upstream of the recently characterized Basonuclin 2 (Bnc2) gene (24) . RT-PCR analysis demonstrated the expression of a Tyrp1-Bnc2 fusion transcript in several Tyrp1 B-w tissues (Fig. 4B ). Normal Tyrp1 expression is restricted to melanocytes; however, we detect expression of the fusion transcript in several other tissues such as the kidney, liver, ovary, and testis. This finding indicates that enhancer elements associated with Bnc2 are driving ectopic expression of Tyrp1 in these tissues or that Tyrp1 expression is normally repressed by elements subsequently separated from the locus by the inversion. To determine whether melanocyte death occurred during the hair follicle cycle, we examined expression of the fusion transcript during the first hair cycle. Tyrp1 is normally activated shortly after birth when melanocytes begin to produce pigment during anagen, and this expression stops by 13 days postnatal. However, we observed persistent expression of the fusion transcript in the skin both at birth and after 13 days postnatal, presumably as a consequence of the ectopic expression.
We sequenced multiple RT-PCR products of the Tyrp1-Bnc2 fusion transcript. Normal splicing of Tyrp1 exons 1 and 2 uses three different donor sites (25) , which were all detected in the fusion transcripts spliced to Bnc2. We identified promiscuous splicing of Tyrp1 to splice acceptor sites in Bnc2 exons 1a and 2 ( Fig. 4A ) of which products of splicing to 1a would produce normal protein products. Because expression of the coding region of Tyrp1 at the proximal end of the inversion is not detected (23), we propose that overexpression of Bnc2 underlies the dominant loss of pigment in Tyrp1 B-w animals.
Other Deletion Complexes. The surprisingly low gene density of this deletion complex may account for the viability of large deletions encompassing Tyrp1. Certain other specific locus regions, such as Tyr and Ednrb, also have large, viable deletions and appear to be gene-poor. By contrast, the agouti region is relatively gene rich, but relatively few deletions have been recovered from the region. Once other regions of the mouse genome are annotated at high quality, it will be interesting to correlate gene content with the presence or absence of large deletions that have been identified at many other chromosomal sites following radiation mutagenesis.
Materials and Methods
BAC Contig Construction, Sequencing, and Annotation. A BAC contig spanning the entire brown deletion complex was constructed by using clones from RCPI-23 and -24 C57BL͞6J strain mouse libraries (26) . Clones containing genes known to map to the interval were identified by hybridization to gridded libraries, and contigs were extended by using probes produced by overlapping oligonucleotides (overgos) designed to the ends of these BACs. The contig was also extended by using BAC fingerprint data (27) . Contiguous BAC clones were sequenced by the Rosalind Franklin Centre for Genome Research and the Sanger Institute, as described in ref. 28 . Manual annotation was performed by using established criteria and methodologies (www.sanger.ac.uk͞HGP͞havana͞havana.shtml). Detailed annotation of the complete brown deletion sequence is available at the Vega web site (http:͞͞vega.sanger.ac.uk͞index. html). Details of phenotypes defined in the region are in the Mouse Genome Database (www.informatics.jax.org).
Deletion Mapping. Deletion endpoints were mapped by using a panel of deletion͞Spretus DNAs (7). Primer pairs were predominantly designed to amplify nonrepetitive BAC end sequences, although in some cases were designed specifically to map genes against deletions. Primers used for mapping key endpoints are listed in Table 3 . Additional primer sequences and their amplification conditions are available on request.
Analysis of the B w Inversion. The proximal end of the B w inversion was identified by using the short sequence known to border the inversion (12) . The genomic structure and sequence of mouse Basonuclin 2 (Bnc2) was determined by assembling ESTs and comparing these with both the Basonuclin 1 (Bnc1) sequence and expanding the gene structure in the human, fugu, and zebrafish genome assemblies by using GENEWISE (29) . RT-PCR analysis of splicing between Tyrp1 and Bnc2 was performed by using a Primer sequences used in PCR to amplify sequences from C3H, 101, Mus spretus, and deletion/spretus heterozygous DNA. The amplified fragments were subsequently sequenced by using the same primers; SNPs were identified between laboratory strains and M. spretus and presence or absence of these SNPs in the heterozygous samples used to identify extent of deletions.
*Two primers are not present with 100% identity in the sequence assembly in Vega.
The equivalent sequences in Vega are: 129L11, GGGCCTTTTCATCTGGTGAC; 395J04-SP6, GGGTTGTGGGTTTCTCAGTG. 
